JASMINE is an astrometry satellite mission that measures in an infrared band annual parallaxes, positions on the celestial sphere, and proper motions of stars in the bulge of the Milky Way (the Galaxy) with high accuracies. These measurements give us 3-dimensional positions and 2-dimensional velocities (tangential velocities) of many stars in the Galactic bulge. A completely new "map" of the Galactic bulge given by JASMINE will bring us many exciting scientific results. A target launch date is the first half of the 2020s. Before the launch of JASMINE, we are planning two other missions; Nano-JASMINE and Small-JASMINE. Nano-JASMINE uses a very small nano-satellite and it is determined to be launched in 2011. Small-JASMINE is a downsized version of JASMINE satellite which observes toward restricted small regions of the Galactic bulge. These satellite missions need severe stability of the pointing of telescopes and furthermore high stability of telescope structures to measure stellar positions with high accuracies. This fact requires severe control of the pointing of telescopes and thermal control in payload modules. The control systems are very important keys for success of space astrometry missions including the series of JASMINE missions.
Introduction
Astrometry is a fundamental task of measuring stellar positions which derive distances and space motions of stars. As one of the oldest branches of astronomy, astrometry has been providing very useful fundamental information for many branches of astronomy and astrophysics (Secs. 2 and 3).
Some space astrometry missions with highly accurate astrometric measurements are planned (Sec. 4). JASMINE is one of them. JASMINE is a mission (Japan Astrometry Space Mission for Infrared Exploration) for astrometric measurements in an infrared band 1, 2) . JASMINE is the unique infrared space astrometry mission in the world. Infrared measurement is advantageous to observe stars around the Galactic center, hidden by interstellar dust at optical measurements. JASMINE can observe a lot of stars in the Galactic bulge, which is a substructure around the Galactic center, with high accuracies. This is the unique and very important character of the JASMINE mission. JASMINE is currently under development and a target launch date is the first half of the 2020s. Before the launch of the JASMINE mission, we are planning a launch of Small-JASMINE (tentative name) mission which is a downsized version of JASMINE. Small-JASMINE is a step-by-step approach to JASMINE for both science and techniques. Its target launch date is around 2016. Furthermore Nano-JASMINE 3 ) is planned to demonstrate the first space astrometry in Japan and to examine some technical issues for Small-JASMINE and JASMINE. Nano-JASMINE uses a very small nano-satellite. It is determined to be launched in 2011. Details of the series of JASMINE-projects are described in Secs. 5 and 6. Astrometry missions need severe stability of the pointing of telescopes and furthermore high stability of telescope structures to measure stellar positions with high accuracies. This fact requires severe control of the pointing of telescopes and thermal control in payload modules (Sec. 7).
What Is Astrometry?
Astrometry is to measure the relative angular separation of stars on the celestial sphere and the measurements are repeated over a period of time. Astrometry is one of the branches of astronomy and preoccupied astronomers for centuries. Astometry is concerned with measuring positions and motions of the planets and other bodies within the Solar system, and of stars within our Galaxy. Accurate stellar positions provide a celestial reference frame for representing moving objects. Repeated measurements provide apparent annual motions (parallactic ellipses) and systematic displacements of stars. The apparent annual motions of stars resulted from the Earth's movement in its orbit around the Sun gives access to their distances through measurement of their parallaxes (annual parallaxes) (see Fig.1 ). Furthermore the systematic displacements of stellar positions (proper motions) with time give access to their motions through space (see Fig.2 ). Therefore astrometry yields a stereoscopic map of stars and their kinematic motions.
The stereoscopic map and kinematic motions of stars provide the 5-dimensionla phase space distribution function of all matter, visible and invisible, directly from observations and/or indirectly from modeling. This function is an important key to resolve the dynamical structure of the Galaxy and the formation model of the Galactic structure. Furthermore accurate distances of stars lead to their accurate luminosities. Accurate luminosities are necessary to calibrate distance indicators and are also very useful to analyze stellar physics. This information derives also star formation histories in the Galaxy to lead to the evolution of the Galaxy.
If a star has a residual motion apart from its parallactic ellipse (annual motion) and proper motion, the star is a part of a binary system, or has a planetary system, and/or the star is affected by a gravitational lens. Hence information on residual motions will make it possible to derive important physical characters of binary systems, planetary systems or gravitational lens effects. Hence improvement of astrometric measurements with higher accuracies enables advances across numerous branches of astronomy and astrophysics.
Historical Perspective of Astrometry
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The ancient Greeks have remarkable achievements of astrometry, including the first estimates of the sizes and distances of the Sun and the Moon. However, measuring stellar distances and space motions remains a difficult task. Some famous astronomers, including Galileo and Copernicus, were very much preoccupied with the task of measuring stellar distances. This is because astronomers were in agreement that the crucial direct evidence of the Earth's motion around the Sun is to detect annual parallax. However it took much time to detect annual parallaxes. Friedrich Bessel detected a parallax for 61 Cygni from observations made between 1837-38. This was the first detection of a parallax and confirmation that stars lay at very great but nevertheless finite distances. After this discovery, Thomas Henderson published the parallax for Centauri in 1839. Wilhelm Struve presented the parallax of Vega from observations in 1835-1837.
The annual parallaxes were never detected until 1838, but Edmund Halley, who is famous for his study on Halley's comet, found in 1718 that stars were displaced from their expected positions by large fractions of a degree by comparing contemporary observations with those that the Greek Hipparchus and others had made. This resulted in that each star had its own distinct velocity across the line-of-sight, or proper motion. This was the first detection of proper motions.
The first proof of the Earth's motion around the Sun was brought by James Bradley in 1725. He detected stellar aberration, those are positional displacements that are correctly attributed to the vectorial addition of the velocity of light to that of the Earth's motion around the Sun.
Enormous progress has been done for the following 150 years after the first discovery of a parallax. Ground-based observations caused development of accurate fundamental catalogues, and a huge increase in quantity and quality of astrometric data. Measurements on the ground, however, were running into essentially insurmountable barriers to improvements in accuracy because of the effects of the Earth's atmosphere, thermal and gravitational instrument flexures of telescopes, etc.
Present and Future of Astrometry
In 1989, ESA launched the Hipparcos satellite to measure astrometric parameters (position, parallax, proper motion) without being limited by atmospheric turbulence, refraction, etc., that affect ground-based measurements 4) . Hipparcos provided remarkably interesting results in many fields of astronomy 4, 5) .However the accuracy of the astrometric parameters obtained by Hipparcos is not good enough to study the dynamics and kinematics in the Galaxy as a whole. As observed values are affected by random errors and selection effects, distance estimates can be biased. The ``bias" means that the true distance will differ from the distance derived using an observed parallax with associated random errors. Such bias effects are negligible when the parallax uncertainty, / , is smaller than 0.1 (10% error). Here is a parallax and is its observational error. When the parallax uncertainty, / is larger than about 0.1, bias effects are essential and a statistical treatment should be used to correct for bias effects. However, it is difficult to find "correct" statistical treatments. Thus, the parallax uncertainty smaller than 10% is desirable to obtain reliable distances from observed parallaxes. The error of Hipparcos' parallaxes is about 1 mas (milli-arcsecond). This implies that reliable distances can be obtained only for stars closer than about 100 pc (the annual parallax is 10 mas). Accurate distances to stars 10 kpc away (the annual parallax is 100 as) are required to investigate the halo, bulge and inner disk structures of the Galaxy. Hence, a level of 10 as accuracy is necessary. Several plans for astrometric missions able to achieve this level of the accuracy are presently proposed. Proposed space projects employing optical astrometry are Gaia 6) , SIM 7) , and OBSS 8)
. Gaia is a survey-type astrometric mission proposed by ESA. Gaia is fully funded by ESA. Gaia intends to measure positions and parallaxes accurate to 7 as at V= 10 magnitude (mag) and 20~25 as at 15 mag. SIM is a mission of NASA, using an optical interferometer with a 9 m baseline. SIM will be a pointing instrument that will observe selected targets of about 10 4 stars brighter than V = 20 mag. SIM can measure absolute parallaxes accurate to 4 as. OBSS is a survey-type mission proposed by USNO. OBSS will measure parallaxes accurate to 10 as at V= 14 mag; its limiting magnitude is V= 23 mag for the bulge region. Also a pathfinder project to achieve an accuracy of mas, using a micro-satellite (JMAPS) 9) , is proposed by USNO. In Japan, there are three projects for performing high-precision astrometry. These are VERA, Small-JASMINE and JASMINE. VERA is a VLBI system on the ground dedicated to differential VLBI to measure astrometric parameters of about 1000 masers in radio bands 10) . It has achieved an accuracy of 8 as as the best record. VERA will accurately determine some fundamental parameters of the Galaxy such as the distance to the Galactic center. JASMINE will measure astrometric parameters in infrared bands. That is advantageous to observe stars around the Galactic center, hidden by interstellar dust at optical wavelengths. JASMINE can detect about one million bulge stars with / 0.1, about 1000 times more than the number of stars measured by Gaia (about 400 stars) in the survey area of JASMINE 1) . VERA observes only maser sources, and its number of targets is only 1000. Hence it is expected that JASMINE will extend studies on the structure and stellar populations of the Galactic bulge after the VERA mission.
Series of JASMINE Missions
As mentioned in Sec. 1 we are planning the series of JASINE missions, those are the following three projects:
5.1. Nano-JASMINE 3) Nano-JASMINE project is planned to demonstrate the first space astrometry in Japan and to perform experiments for verifications of some techniques and operations in Small-JASMINE and JASMINE. Nano-JASMINE is a nano-size satellite whose size and weight are (50) 3 cm 3 and about 35 kg, respectively. Nano-JASMINE will operate in zw-band (central wavelength is 0.8 micron (0.6micron~1.0 micron)).The target accuracy of parallaxes is about 3 mas at zw=7.5 mag. Moreover we can get proper motions with high accuracies (~0.1 mas/year) by combining a Nano-JASMINE catalogue with the Hipparcos catalogue because the error of the proper motions decreases at rate proportional to the inverse of the temporal span of two catalogues and the temporal span between the Hipparcos mission and the Nano-JASMINE mission will exceed 15 years. It is determined that Nano-JASMINE will be launched by a Cyclone-4 rocket in August 2011. The orbit of Nano-JASMINE is a Sun synchronized orbit at the attitude between 600 and 800 km.
The size of a telescope is reduced to 5 cm diameter of a primary mirror with a focal length of about 1.7 m. One CCD with 1k ×1k pixels will be put on a focal plane. The development of a spacecraft is ongoing in collaboration with Prof.Nakasuka and his group at the University of Tokyo.
Small-JAMINE (tentative name)
Small-JASMINE is an astrometry satellite mission that observes in an infrared band (Kw-band; central wavelength is 2.0 micron (1.5 micron~2.5 micron)). Small-JASMINE will determine positions and parallaxes accurate to 10 as for stars in the Galactic bulge, brighter than Kw=11 mag, and proper motion errors of 8 as/year. It will observe small areas of the Galactic bulge with a single beam telescope whose diameter of a primary mirror is around 30 cm. A target launch date is around 2016. The main science objective of Small-JASMINE is to clarify the formation history of the Galactic bulge and also determine the moderate model of the bulge structure formation. To put it concretely, observations by Small-JASMINE will give access to determination of the structure formation model of the Galactic bulge using the stellar velocity dependence on the distance from the equatorial plane 11) , and clarification of the star formation history in the bulge using color-magnitude diagrams 12) . A candidate for the optics of a Small-JASMINE telescope is a modified Korsch system with three mirrors and four folding flats to fit the focal length into an available volume (see Fig.5 ). The telescope has a circular primary mirror with 30 cm diameter and 4.9 m focal length. As usual for space missions the telescope mass should be as low as possible. Also, the telescope should have a low thermal expansion, high stiffness and high thermal conductivity because the telescope structure must be very stable under temperature variations (see Sec. 7). Thus it is necessary to select materials with these desired characteristics.
The telescope provides a flat image plane that contains an array of large format detectors (HgCdTe) with a field of view of 0.9°×0.9°. A total of 4 2k×2k detectors with 15 m square pixels are read out.
The establishment of a Small-JAMSINE working group at JAXA was approved in January 2009 by a science committee of ISAS (Institute of Space and Astronautical Science) of JAXA. The working group includes about 80 scientists and about 10 engineers at JAXA. The basic designs of Small-JASMINE and technical problems have been investigated. The working group aims at a proposal for the Small-JASMINE mission to JAXA, to get launch approval and require budget from the Japanese government in 2011.
JASMINE
JASMINE is an extended mission of the Small-JASMINE mission. It is designed to perform a survey towards the whole Galactic bulge region (20°×10° field around the Galactic center:see Fig.6 ) with a single-beam telescope whose diameter of a primary mirror is around 80 cm, determining positions and parallaxes accurate to 10 as for stars brighter than Kw=11 mag, and proper motion errors of 4 as/year. A target launch date is the first half of the 2020s.
Observing Strategy and Data Reduction
Nano-JASMINE mission performs an all-sky survey. The satellite, while rotating, observes simultaneously two fields of view, separated by a large-angle, the "basic angle". Tracing great circles allows achieving their intended resolution; fields of view can be linked based on this basic angle. This is the same as for the Hipparcos and Gaia missions.
On the other hand, Small-JASMINE and JASMINE will not observe two fields of view simultaneously, but will observe only one field of view because these missions do not perform an all-sky survey, but focus on the restricted regions. A whole survey region is composed by linking stars in an overlap region between two consecutively observed adjacent fields; in a very short time period stars in neighboring fields do not move. This is called a "frame-link" method. This method can be used when the number of stars in each small-filed is so large that a large-frame of the whole survey region can be made with the required accuracy. The star density in the Galactic bulge is sufficient to apply this method.
For example, a concrete observing strategy of Small-JASMNE is shown here. The Small-JASMINE spacecraft will survey a total area of 1.7°×1.7° towards the Galactic bulge in about 0.35 hours. This total area may be One field of view (one frame) will be observed during 3 seconds. We repeat this imaging 16 times at the same field of view. One set of stellar images gathered by these 16 frames is called a "small-frame". In such a small-frame the relative positions (centroids) of stars will be determined with an accuracy of about 1.68 mas which includes errors of Poisson noise in determining stellar centroids on one frame, pointing errors of the telescope, and readout noises of detectors, etc. A stellar image on one frame is analyzed in a window of 5 × 5 pixels(see Fig.7 ). The relative position (centroid) of a star on one frame should reach an accuracy of about 1/112 of a pixel (corresponding to 6.7 mas) for stars brighter than Kw = 11 mag. Stellar centroids are calculated using an algorithm 13) that determines a weighted mean of the positions of photons registered by the 5× 5 pixels, applying corrections for some errors.
Second stage: linking small-frames
The telescope moves toward an adjacent field of view overlapping the previous small-frame (the overlap area is about half the frame size) in 30 seconds. In about 0.35 hours the telescope takes stellar images over the whole survey region (1.7°×1.7°), covering it by 16 small-frames.
The 16 small-frames are linked together by many stars in the overlap regions. The whole region, linked together by the 16 small-frames is termed ``a large-frame"(see Fig.8 ). In a large-frame relative positions of stars can be determined with an accuracy of 856 as. This accuracy value is estimated taking into account of the error of a small-frame (840 as) and furthermore the uncertainty in linking the small-frames(78 as). Small-frames are linked by employing their common stars to create a large-frame. In an overlap region there are about 1900 common stars (brighter than 11 mag). This number is large enough to create a large-frame with the required positional accuracies of stars.
Final stage: combining all large-frames
The above procedure at the first and second stage is repeated during the whole mission life of about 2.5 years and finally about 26000 large-frames will be observed. Each large-frame covers the common survey area of 1.7°×1.7°. Combining these 26000 large-frames allows determining the astrometric parameters with the target accuracy; the large-frames will be combined to form a single global frame. We will determine the individual star's astrometric parameters (position, proper motion, and parallax) on this global frame. Here the origin and orientation, the absolute value of the size and distortion, of each large-frame should be calibrated by calibration stars measured by VERA. The astrometric parameters and the nature of each large-frame mentioned just above will be determined applying a least-squares fit to traces of stellar motions on the global frame with information of calibration stars. The entire process is iterated until corrections to the parameters converge.
Critical Error Sources and Requirements to a Satellite System
Many factors determine the ultimate astrometric precision. There are two types of errors, random errors and systematic errors. One of the critical random error sources is the Poisson noise caused by the finite number of photons. More larger aperture size of a mirror, wider filed of view, more sensitive detector and longer mission life are better choice for reducing this kind of random errors while the size of a launcher, the budget, technical problems, etc. restrict these values. Other random error source is instability of the satellite's viewing direction which blurs stellar images during the integration time. During the integration time period of 3 sec, a relative pointing error of 280 mas (1 ) is required. A stellar image normally spreads on 5 × 5 pixels. Each pixel should record enough photons of a star to estimate the centroid of the star with the required accuracy. If the pointing is unstable during the integration time, some photons of a star arrive outside the pixel range and then the photons recorded per pixel decrease. This worsens the accuracy of the centroid. A 280 mas pointing error will cause a degradation of the accuracy by 8 %. This pointing accuracy suffices to reach the final target accuracy.
Taking care that systematic errors are negligible or can be corrected constitutes a great challenge in a number of critical technical issues for Small-JASMINE and JASMINE. One of the critical systematic error sources is time variations of the size and distortions of small-frames. The geometry (size, distance between two mirrors, etc.) of the telescope and detector may change with temperature variations. These changes will result in variations of the size and distortions of small-frames. These effects will affect the accuracy of stellar positions on each large-frame and also the final accuracy of astrometric parameters. It is a challenge for Small-JASMINE and JASMINE to decrease and correct for systematic errors caused by these effects. One of the necessary technical issues is the high stability of telescope structures and detectors under temperature variations. For example, the distance between a primary and a secondary mirror should change by less than about 10 nano-meter and 100 pico-meters for Small-JASMINE and JASMINE, respectively. This requires the decrease of temperature variations below 0.4K (within 0.35 hours) and 4mK (within about 10 hours) for Small-JASMINE and JASMINE, respectively. The difference between the requirements of the temperature variations for Small-JASMINE and JASMINE is resulted from the following reason; the area of the large-frame in the Small-JASMINE mission is much smaller than that in the JASMINE mission. The differences between the sizes and distortions of each small-frame can be calibrated with good accuracies using stellar positions in the overlapping region of two adjacent small-fields. However, as for the JASMINE mission, the area of the large-frame is so large that the number of the small-frames for making a large-frame is large. This results in large errors by integration of the errors in each linking of two adjacent small-fields. Hence, in the JASMINE mission, the differences between the sizes and distortions of each small-field should be much less than those in the Small-JASMINE mission because we can not adopt the similar calibration method in the Small-JASMINE mission. This fact requires more severe time variations of the temperatures in the JASMINE mission.
Such variations should be monitored with high accuracy (less than 100 pm) in order to technical verification of stability mentioned above on the ground test and/or monitor on the orbit in the JASMINE mission. Such monitoring systems are developed using laser interferometer technology in our group.
Long term-contributors to the Small-JASMINE's error budget include changes in the size of the large-frames. This effect can be calibrated by the method mentioned in Sec. 6.
An absolute pointing error of about 0.1 degree is required such that the next small-frame overlaps with at least 10 % of the preceding small-frame.
There exist other systematic errors caused by aberration, multiple stars, gravitational lens effects, etc. These effects can be calibrated.
The attitude control of Nano-JASMINE is one of the major technical issues. A pointing error of 720 mas is required during the integration time period of 8.2 seconds. We have studied the methods to form an operational sequence by using the Nano-JASMINE simulator. At the first stage of operations, when the satellite attitude is significantly displaced from the expected position, we will operate the Magnetic Torquer with reference to the outputs of magnetic sensor. At the next stage, we will use the Fiber Optical Gyro and Star Tracker as attitude sensors and a 3-axies reaction wheel to control the attitude. At the final stage, we will use the CCD outputs. Elongated stellar images will indicate attitude errors. The attitude control system will be adjusted to get the expected images.
Conclusions
As mentioned before, accurate measurement of star positions and time variations of them is a big challenge for astronomers for long periods. We need suitable telescopes and detectors for accurate measurements in order to get many photons and fine stellar images. Furthermore the stability of a telescope pointing and a telescope structure is an essential technical issue for future astrometry satellite missions. This requires strong collaborations between two parts: a mission system and a bus system which includes the control system of the attitude and thermal control, etc. This is an important key for success of the future space astrometry missions including the series of JASMINE missions.
